Introduction {#tpy015s1}
============

There is convincing and clear evidence for the occurrence of xylem embolism in plants, which implies that functional, water-filled conduits (vessels and tracheids) in xylem tissue become air-filled (e.g., [@tpy015C47], [@tpy015C54], [@tpy015C9]). There is less agreement, however, about the temporal aspects of drought-induced embolism formation in plants, i.e., whether embolism occurs on a daily basis or is limited to seasonal or extreme drought events in intact stems under natural conditions ([@tpy015C15], [@tpy015C58], [@tpy015C33]). There are even different interpretations about the frequency of embolism occurrence for the same species growing in a similar environment (e.g., grapevine, [@tpy015C32], [@tpy015C8], [@tpy015C31]). Discussions about xylem embolism resistance strongly rely on the method that is applied, which makes it important to compare and evaluate different techniques (e.g., [@tpy015C51], [@tpy015C35]).

Vulnerability curves characterize the plant vulnerability to xylem embolism and express the relationship between xylem water potential (Ψ, MPa) and embolism ([@tpy015C53]). Over the last decades, various techniques have been used to construct vulnerability curves depending on how xylem embolism is measured, how water stress is induced and how the water potential is measured ([@tpy015C13]). The xylem water potential can be measured directly with psychrometers, indirectly determined as the leaf water potential after equilibration, or considered as the centrifuge force applied. Quantifying the degree of embolism by hydraulic measurements is the most commonly used approach, which directly estimates the degree of embolism as the percentage loss of hydraulic conductivity (PLC, %; [@tpy015C24], [@tpy015C52], [@tpy015C46]). This method may seem to be straightforward, but is destructive and requires sufficient care to obtain stable flow measurements ([@tpy015C29]). Problems with hydraulic measurements could be pit membrane clogging, vessel occlusion (e.g., by resin or latex), wound response and an excision artefact ([@tpy015C58], [@tpy015C50]). Alternative techniques such as acoustic emissions detection and X-ray microtomography have the main advantage of being non-destructive and non-invasive, but do not directly measure water transport ([@tpy015C38], [@tpy015C59], [@tpy015C13], [@tpy015C9]).

Bench dehydration is one of the standard methods to induce xylem embolism at a wide range of xylem water potential values because it allows branches or intact plants to dehydrate naturally at an ambient environment ([@tpy015C45], [@tpy015C46]). However, intensive lab work and a large amount of plant material are required for this technique. Centrifugation techniques induce a centrifugal force and require less time and plant material, but an 'open vessel' artefact may limit the application of this technique on species with vessels that are longer than the branch segment ([@tpy015C37], [@tpy015C17], [@tpy015C57], [@tpy015C50], [@tpy015C49]). Air-injection uses a double-ended pressure chamber to maintain a target pressure on an inserted stem with two ends protruding out of the chamber ([@tpy015C14], [@tpy015C13], [@tpy015C42]). While this technique is fast, it is equally challenged by the 'open vessel' artefact ([@tpy015C11], [@tpy015C28]). The optical method to visualize embolism in leaves and stems provides a relatively fast and reliable method to assess xylem embolism resistance in a non-destructive way ([@tpy015C44], [@tpy015C5], [@tpy015C6], [@tpy015C7], [@tpy015C22]). Considering the importance of xylem embolism in discussions about large-scale tree mortality ([@tpy015C1]) and the potential limitations of various methods for constructing vulnerability curves, there is a need for an artefact-free, easy, field-friendly and fast method that would hasten the assemblage of large and global datasets on xylem embolism resistance ([@tpy015C10]).

Recently, [@tpy015C41] proposed a pneumatic method, which is fundamentally different from the hydraulic methods. Vulnerability curves in this study were obtained for 15 species by plotting the xylem pressure vs the amount of air discharged from terminal branch ends, while drought stress was induced using the bench dehydration method. Assuming that the air volume discharged from branches that are subjected to different levels of drought stress is mainly affected by embolism, vulnerability curves could be made, and were found to be largely in agreement with hydraulic methods ([@tpy015C41]). One major advantage of the pneumatic technique is minimal manipulation of the plant samples, while measuring the amount of gas that can be extracted from samples is less complicated and faster (i.e., \<3 min) compared with hydraulic measurements.

Since the species tested by [@tpy015C41] were mainly tropical to subtropical, and included species with diffuse-porous wood, this paper aims to validate the pneumatic method for both diffuse-porous and ring-porous species from temperate areas. Moreover, additional conifer species are required to test this method, given that the number of conifers in the study by [@tpy015C41] was limited to *Cupressus sempervirens* and *Thuja plicata*. Therefore, we selected 10 temperate tree species, covering eight angiosperm and two gymnosperm species. The pneumatic method was compared with the flow-centrifuge technique for diffuse-porous species and conifers, and with hydraulic measurements after bench dehydration for two ring-porous species (*Fraxinus excelsior* and *Quercus robur*). We expected that the pneumatic method would show similar embolism resistance as the flow-centrifuge method for diffuse-porous species and conifers. It was unclear if the pneumatic method would be suitable for ring-porous species due to the large, earlywood vessels, which are known to remain functional only for 1 year ([@tpy015C26], [@tpy015C27], [@tpy015C14], [@tpy015C55], [@tpy015C43]).

Materials and methods {#tpy015s2}
=====================

Plant material {#tpy015s3}
--------------

Plant material of eight angiosperm species and two gymnosperm species was collected at Ulm University (Germany) (48°25'20.3"N, 9°57'20.2"E) and the University of Bordeaux (Table [1](#tpy015TB1){ref-type="table"}) (44°47'55.4"N, 0°36'54.2"W). The species selected were all common trees in the forest surrounding Ulm University and the University of Bordeaux. Vulnerability curve measurements according to the pneumatic method and hydraulic-bench dehydration method were conducted at Ulm University. For the flow-centrifuge method, branches were express-shipped to the University of Göttingen, except for the two gymnosperm species, which were measured with a similar flow-centrifuge set-up at the University of Bordeaux. Table 1.List of the 10 species studied with reference to their family classification, the technique applied, xylem pressure at 50% and 88% of the maximum air discharged (Ψ~50P~ and Ψ~88P~) or at 50% and 88% loss of hydraulic conductivity (Ψ~50H~ and Ψ~88H~) with standard deviation, vessel porosity and collecting site.SpeciesFamilyTechniqueΨ~50~ (MPa)Ψ~88~ (MPa)Vessel porosityCollecting site*Alnus glutinosa* (L.) Gaertn.BetulaceaePneumatic−1.6 ± 0.2−2.3 ± 0.3\*Diffuse-porousSöflingen, UlmFlow-centrifuge−1.5 ± 0.1−1.6 ± 0.1Botanical Garden, Ulm University*Betula pendula* RothBetulaceaePneumatic−1.8 ± 0.1−2.2 ± 0.2Diffuse-porousBotanical Garden, Ulm UniversityFlow-centrifuge−2.0 ± 0.1−2.3 ± 0.1Botanical Garden, Ulm University*Carpinus betulus* L.BetulaceaePneumatic−3.8 ± 0.5−5.6 ± 0.6\*Diffuse-porousBotanical Garden, Ulm UniversityFlow-centrifuge−3.7 ± 0.2−4.5 ± 0.1Botanical Garden, Ulm University*Corylus avellana* L.BetulaceaePneumatic−2.1 ± 0.3−3.6 ± 0.8Diffuse-porousUlm University campusFlow-centrifuge−2.0 ± 0.2−2.8 ± 0.8Botanical Garden, Ulm University*Fagus sylvatica* L.FagaceaePneumatic−2.8 ± 0.4\*−5.1 ± 0.6\*Diffuse-porousUlm University campusFlow-centrifuge−3.2 ± 0.2−3.9 ± 0.3Botanical Garden, Ulm University*Fraxinus excelsior* L.OleaceaePneumatic−2.4 ± 0.4−3.8 ± 0.6Ring-porousBotanical Garden, Ulm UniversityHydraulic−2.7−3.8Botanical Garden, Ulm University*Liriodendron tulipifera* L.MagnoliaceaePneumatic−1.4 ± 0.2−1.9 ± 0.3Diffuse-porousBotanical Garden, Ulm UniversityFlow-centrifuge−1.5 ± 0.1−1.8 ± 0.1Botanical Garden, Ulm University*Pinus pinaster* AitonPinaceaePneumatic−2.8 ± 0.2\*−3.8 ± 0.6\*Tracheids onlyUniversity of BordeauxFlow-centrifuge−3.7 ± 0.2−4.3 ± 0.3University of Bordeaux*Pinus sylvestris* L.PinaceaePneumatic−2.0 ± 0.4\*−4.0 ± 0.8Tracheids onlyBotanical Garden, Ulm UniversityFlow-centrifuge−3.2 ± 0.2−3.7 ± 0.3University of Bordeaux*Quercus robur* L.FagaceaePneumatic−3.2 ± 0.3\*−4.4 ± 0.5\*Ring-porousUlm University campusHydraulic−2.8−3.2Botanical Garden, Ulm University[^1]

The pneumatic method {#tpy015s4}
--------------------

Stem vulnerability curve measurements of 10 species following the pneumatic method were conducted according to [@tpy015C41]. Briefly, five branches that were \~50--100 cm long and with a 7--10 mm branch diameter were collected from five adult trees per species. Samples were collected during the early morning between June and September 2016 and 2017. After wrapping the branches in wet tissue and black plastic bags, samples were brought to the lab, re-cut under water and rehydrated for 1 h. The distal end of a branch was then connected to a pneumatic apparatus through a three-way stopcock, which included a syringe as a vacuum source and a pressure sensor (PX26-015GV, Omega). This pressure sensor is not an oil-filled transducer and is designed for working with liquids. For gases, however, the PX140 series was used by [@tpy015C41]. Comparison of the PX140 and PX26 pressure sensors showed a perfect agreement for air pressure measurements (*R*^2^ = 1; *y*= −24.602*x* + 30.69), indicating that both sensors are suitable for the pneumatic method.

Once the branch end was connected to the pneumatic tubing system, the tubing was not replaced and the branch ends were not shaved before a measurement was taken. For *Pinus sylvestris*, however, the surface was trimmed with a fresh razor blade to avoid obstruction of tracheids by resin before each measurement. Because resin did not appear to be a major problem for *Pinus pinaster*, we debarked the end of branches of this species to avoid an excessive resin exudation, but did not trim the surface cut each time a measurement was taken.

The rigid silicon tube between the branch end and the pressure sensor functioned as a vacuum reservoir. Firstly, the branch-vacuum reservoir pathway was closed, i.e., the branch end was open to the atmosphere. A pressure of \~40 kPa was obtained in the vacuum reservoir by pulling the syringe plunger. Then, the vacuum reservoir-syringe pathway was closed and the branch-vacuum reservoir pathway opened. The initial pressure (*P*~i~, kPa) was measured immediately after connecting the branch end to the vacuum reservoir. After extracting air from the branch to the vacuum reservoir for 2 min, the final pressure (*P*~f~, kPa) was measured. Branches were bagged in a black plastic bag during the measurements. Two leaves from the branch were then cut and their water potentials were measured with a Scholander pressure chamber (PMS Instrument Company, Albany, OR, USA). Super glue (Loctite 431) was applied to the branch where the leaf petiole was cut to avoid air-entry in the branch. The xylem water potential (Ψ, MPa) was the average of the two leaf water potentials measured. The branch was then detached from the apparatus and dried on the bench. The drying time was between 15 and 30 min for the first two measurements and 1 h or longer for measurements at more negative water potentials. After drying, the branch was bagged in a black plastic bag to equilibrate for 1 h and then connected to the apparatus to start the next measurement. Measurements were ended when the plants showed strong dehydration, such as dry leaves, which was around −6 MPa for several species, and ca −9 MPa for *F. sylvatica*.

According to the ideal gas law, the amount of moles of air (Δ*n*, mol) discharged from the stem in the vacuum reservoir was calculated as follows: $$\Delta n = \left( {P_{f}–P_{i}} \right)V/RT$$where *V* represented the volume of the vacuum reservoir (0.0082 L), *R* the gas constant (8.314 kPa L mol^−1^ K^−1^) and *T* the room temperature. Then, also according to the ideal gas law, the volume of the air discharged (AD, μl) was calculated by transforming Δ*n* to an equivalent volume of air at atmospheric pressure (*P*~atm~, 94 kPa at 618 m, the altitude of Ulm University). Any leakage from the apparatus could be calculated from the pressure change over 2 min when the branch-vacuum reservoir pathway was closed. This minor error was then subtracted from AD (the air discharged).

The percentage of air discharged (PAD, %), which was analogous to the percentage loss of conductivity (PLC, %), was calculated as follows: $${PAD} = 100*\left( {{AD}_{i}–{AD}_{\min}} \right)/\left( {{AD}_{\max}–{AD}_{\min}} \right)$$where AD~i~ was the volume of air discharged at each measurement, AD~min~ the minimum volume of air discharged when the branch was fully hydrated and AD~max~ the maximum volume of air discharged at the lowest xylem water potential. Therefore, the initial air discharged from a fully hydrated stem is considered as a reference point, which accounts for the non-conduit air volume from the pith, intercellular spaces and outside air. If this non-conduit volume does not increase during branch dehydration, the air volume inside the branch would only increase if a new embolism is formed and connected to the cut base and apparatus.

The stem vulnerability curve was then constructed by plotting the PAD and Ψ values with the following function ([@tpy015C40]): $${PAD} = 100/\left( {1 + \exp\left( {\left( {S/25} \right)\left( {\Psi –b} \right)} \right)} \right)$$where *S* represented the slope of the curve and *b* was equal to Ψ~50~, i.e., the xylem water potential at 50% air discharged from the stem. Ψ~88~ (i.e., the xylem water potential at 88% air discharged in the stem) was calculated following [@tpy015C25] as $$\Psi_{88} = - 2/\left( {S/25} \right) + b$$

The hydraulic-bench dehydration method {#tpy015s5}
--------------------------------------

Stem vulnerability curves of *F. excelsior* and *Q. robur* were constructed using the hydraulic-bench dehydration method since their maximum vessel length was longer than the flow-centrifuge rotor length (28 cm) ([@tpy015C16], [@tpy015C36]). Data of *F. excelsior* were based on [@tpy015C36], who studied similar sized branches from the same trees as those used for this study.

For *Q. robur*, 15 branches that had a total length between 1.5 and 2 m were collected from six adult trees at the campus of Ulm University in the early morning of August 2017. The samples were wrapped in wet plastic bags and brought to the lab within 15 min. Branches were re-cut under water and rehydrated in water for 1 h to eliminate any potential cutting artefact ([@tpy015C50]). Then, branches were dehydrated in the lab with different time intervals from 1 to 24 h. After bagging the branches for 1 h to create equilibrium between the leaf and xylem water potential, three leaves from the current year stem were cut for water potential measurements using a pressure chamber. The average of the measurements was regarded as the xylem water potential (Ψ). Then, branches were re-cut under water into 3 cm long current year stem segments, which were connected to a modified Sperry apparatus ([@tpy015C46]) to measure the percentage loss of hydraulic conductivity (PLC, %). Briefly, the distal end of the stem segment was connected to a 60 cm high water column and the proximal end to a pipette via a silicon tube filled with water. We used demineralized, filtered (0.2 μm) and degassed water with 10 mM KCl and 1 mM CaCl~2~ for all hydraulic measurements. By measuring the time that was required to fill a volume of 0.01 ml in the pipette, the flow rate of the segment (*F*, μg s^−1^) was calculated as the average of three continuous measurements. The hydraulic conductivity of the segment (*K*~h~, kg m s^−1^ MPa^−1^) was calculated as follows: $$K_{h} = F/\left( {P/L} \right)$$where *P* represented the water pressure applied to the segment (0.006 MPa) and *L* (m) was the length of the segment.

Then segments were flushed with water at 120 kPa for 30 min to remove potential emboli, and connected to the Sperry apparatus to obtain the maximum conductivity (*K*~max~, kg m s^−1^ MPa^−1^). The PLC was then calculated as follows: $${PLC} = 100*\left( {K_{\max}–K_{h}} \right)/K_{\max}$$

The stem vulnerability curves were plotted with PLC and Ψ values as mentioned above.

The flow-centrifuge method {#tpy015s6}
--------------------------

The flow-centrifuge technique ([@tpy015C16]) was applied to the six diffuse-porous angiosperms and two conifer species (Table [1](#tpy015TB1){ref-type="table"}). Branches cut in the early morning were stored at 4 °C in a MICROPUR solution (Katadyn, Wallisellen, Switzerland) and processed within a week. Stem segments of 28 cm length were excised under water with both ends debarked and trimmed, mounted in a custom-built rotor chamber, which uses a commercially available centrifuge as basis (Sorvall RC-5C, Thermo Fisher Scientific, Waltham, MA, USA). The maximum sample conductivity (*K*~max~) was first determined at low speed and relatively high xylem pressure (−0.5 MPa). By increasing the rotational velocity, the xylem pressure (Ψ) was decreased stepwise and the hydraulic conductivity (*K*~h~) was measured at each pressure level. The PLC was calculated as Eq. (6) and stem vulnerability curves were plotted as mentioned above.

Statistics {#tpy015s7}
----------

We first tested the Ψ~50~ values determined by the pneumatic method (Ψ~50P~) across species against those obtained by one of the hydraulic methods (Ψ~50H~, including the flow-centrifuge or hydraulic-bench dehydration method) using an independent-samples *t*-test. For the two ring-porous species, a one-sample *t*-test was used to determine the difference between Ψ~50P~ and Ψ~50H~ values, since only a single vulnerability curve was obtained based on the hydraulic-bench method. In both tests, Ψ~50~ values were considered to be significantly different for a particular species when their 95% confidence intervals did not overlap. Then, we ran a linear regression analysis to test how Ψ~50H~ could be predicted from Ψ~50P~. Similar *t*-tests and a regression analysis were also applied to Ψ~88P~ (Ψ~88~ based on the pneumatic method) and Ψ~88H~ (Ψ~88~ based on the flow-centrifuge or hydraulic-bench dehydration method), and to *S*~P~ (slope of the percentage of air discharge) and *S*~H~ (slope of the percentage loss of hydraulic conductivity). All statistical analyses were done in SPSS 21 (IBM, Armonk, New York, USA) and all figures were made in SigmaPlot 12.5 (Systat Software Inc., Erkrath, Germany).

Results {#tpy015s8}
=======

Vulnerability curves based on the pneumatic method were obtained for the six diffuse-porous species (Figure [1](#tpy015F1){ref-type="fig"}). The 95% confidence bands of the pneumatic curves and hydraulic curves showed considerable overlap, which was especially the case for *B. pendula*. The Ψ~50P~ values of these species showed no difference from the Ψ~50H~ values (*P* \> 0.05), except that a marginal difference was found for *F. sylvatica* (*P* = 0.04) (Tables [1](#tpy015TB1){ref-type="table"} and [2](#tpy015TB2){ref-type="table"}). Ψ~88P~ and Ψ~88H~ values showed significant difference (*P* \< 0.05) for *Alnus glutinosa*, *Carpinus betulus* and *F. sylvatica*, but no difference for the other three diffuse-porous species (Tables [1](#tpy015TB1){ref-type="table"} and [2](#tpy015TB2){ref-type="table"}).

![Stem vulnerability curves of six diffuse-porous species. Circles and blue solid lines represent data and regression fits based on the hydraulic method. Triangles and red solid lines represent data and regression lines obtained with the pneumatic method. The short dash lines represent 95% confidence bands.](tpy015f01){#tpy015F1}

###### 

List of the *t*-statistics (*t*), the degrees of freedom (df) and the significance values (*P*) of *t*-tests on Ψ~50~ and Ψ~88~ values in the 10 species studied. Xylem embolism resistance was measured using the pneumatic method (Ψ~50P~, Ψ~88P~) and flow-centrifuge/hydraulic-bench dehydration (Ψ~50H~, Ψ~88H~) methods.

                                   *t*-Test between Ψ~50P~ and Ψ~50H~   *t*-Test between Ψ~88P~ and Ψ~88H~                              
  -------------------------------- ------------------------------------ ------------------------------------ ------- -------- --------- -------
  *Alnus glutinosa* (L.) Gaertn.   1.156                                7                                    0.286   4.899    7         0.002
  *Betula pendula* Roth            −1.360                               9                                    0.207   −0.529   9         0.610
  *Carpinus betulus* L.            0.169                                4.855\*                              0.872   3.774    4.164\*   0.018
  *Corylus avellana* L.            0.425                                9                                    0.681   1.769    9         0.111
  *Fagus sylvatica* L.             −2.311                               10                                   0.043   4.373    10        0.001
  *Fraxinus excelsior* L.          1.709                                5                                    0.148   0.055    5         0.959
  *Liriodendron tulipifera* L.     −0.942                               8                                    0.374   1.115    8         0.297
  *Pinus pinaster* Aiton           −10.811                              14                                   0.000   −2.618   14        0.020
  *Pinus sylvestris* L.            −6.628                               8                                    0.000   0.672    3.757\*   0.540
  *Quercus robur* L.               −2.826                               6                                    0.030   −4.299   6         0.005

Values of df with \* suggested that the assumption of homogeneity of variance was broken and thus the degree of freedom was reduced. *P* \< 0.05 indicated a significant difference.

A vulnerability curve based on the pneumatic method could also be obtained for 2-year-old branches of *F. excelsior* (Figure [2](#tpy015F2){ref-type="fig"}a). However, the method could not be successfully applied to 3- to 5-year-old branches of *Q. robur* because the amount of air discharged from fresh samples that were not subject to any drought stress was too high. Hence, the final pressure (*P*~f~) reached atmospheric pressure even when the branch was fully hydrated. Since wide earlywood vessels in *Q. robur* are known to be functional for 1 year only, the xylem of previous growth rings and the pith tissue was glued off at the branch end, with only the xylem from the current growth ring directly exposed to the pneumatic apparatus. This minor modification resulted in vulnerability curves of this species as shown in Figure [2](#tpy015F2){ref-type="fig"}b. Comparison of Ψ~50P~ and Ψ~50H~ for the two ring-porous species showed a 0.3 MPa difference for *F. excelsior* and 0.4 MPa difference for *Q. robur*. A significant difference was found for *Q. robur* (*P* = 0.03), but not for *F. excelsior* (*P* = 0.15). Similarly, a significant difference between the Ψ~88P~ and Ψ~88H~ values was found for *Q. robur* (*P* \< 0.01), but not for *F. excelsior* (*P* = 0.96) (Table [1](#tpy015TB1){ref-type="table"}).

![Stem vulnerability curves of two ring-porous species (a, b) and two conifer species (c, d). Circles and blue solid lines represent data and regression fits from the hydraulic-bench dehydration (a, b) or flow-centrifuge method (c, d). Triangles and red solid lines represent data and regression lines from the pneumatic method. The short dash lines represent 95% confidence bands. Bench dehydration data of *F. excelsior* were reproduced from [@tpy015C36]. Pneumatic data for *Q. robur* required gluing off xylem from the previous growth rings.](tpy015f02){#tpy015F2}

The vulnerability curves for the two conifer species showed a large difference between the pneumatic and hydraulic method (Figure [2](#tpy015F2){ref-type="fig"}c and d). The Ψ~50P~ and Ψ~50H~ values differed significantly (*P* \< 0.01) by 0.9 and 1.2 MPa for *P. pinaster* and *P. sylvestris*, respectively, while Ψ~88P~ and Ψ~88H~ values differed for *P. pinaster* (*P* = 0.02) and showed no difference for *P. sylvestris* (*P* = 0.54) (Table [1](#tpy015TB1){ref-type="table"}).

Ψ~50~ values from the pneumatic (Ψ~50P~) and hydraulic curves (Ψ~50H~) were strongly correlated (*R*^2^ = 0.670, *P* \< 0.01; Figure [3](#tpy015F3){ref-type="fig"}a). The fitted line was Ψ~50H~ = 0.945Ψ~50P~ -- 0.383, which was close to the 1:1 line (Figure [3](#tpy015F3){ref-type="fig"}a). A stronger correlation was obtained when analysing the six diffuse-porous species (*R*^2^ = 0.957, *P* \< 0.01), and the eight angiosperm species (*R*^2^ = 0.911, *P* \< 0.01). Two conifers (*P. pinaster* and *P. sylvestris*) did not fall within the 95% confidence band (Figure [3](#tpy015F3){ref-type="fig"}a).

![Relationships between Ψ~50~ (a), Ψ~88~ (b) and slope (c) values obtained from the pneumatic curves and the hydraulic curves. (a) Ψ~50~ values of the pneumatic method (Ψ~50P~) and Ψ~50~ values of the hydraulic method (Ψ~50H~) were strongly correlated (*R*^2^ = 0.670, *P* \< 0.01). The solid line showed the fitting: Ψ~50H~ = 0.945Ψ~50P~ -- 0.383. (b) Ψ~88~ values of the pneumatic method (Ψ~88P~) and Ψ~88~ values of the hydraulic method (Ψ~88H~) were strongly correlated (*R*^2^ = 0.752, *P* \< 0.01). The solid line showed the fitting: Ψ~88H~ = 0.733Ψ~88P~ -- 0.492. (c) The slope of the percentage of air discharge (*S*~P~) and the slope of the percentage loss of hydraulic conductivity (*S*~H~) were strongly correlated (*R*^2^ = 0.566, *P* = 0.02) when excluding *A. glutinosa* as an outlier. The solid line showed the fitting: *S*~H~ = 0.822*S*~P~ + 64.792. Data from different species were presented with different symbols. Dash-dotted lines represented the 95% confidence band. The dash line was the 1:1 line.](tpy015f03){#tpy015F3}

Ψ~88P~ and Ψ~88H~ were also strongly correlated (*R*^2^ = 0.752, *P* \< 0.01; Figure [3](#tpy015F3){ref-type="fig"}b). The fitted line was Ψ~88H~=0.733Ψ~88P~ --0.492, which was close to the 1:1 line (Figure [3](#tpy015F3){ref-type="fig"}b). A higher correlation also occurred when analysing the six diffuse-porous species separately (*R*^2^ = 0.950, *P* \< 0.01), as well as the eight angiosperm species (*R*^2^ = 0.876, *P* \< 0.01). Only *P. pinaster* did not fall within the 95% confidence bands (Figure [3](#tpy015F3){ref-type="fig"}b).

The slope of the percentage of air discharge (*S*~P~) was not significantly correlated with the slope of the percentage loss of hydraulic conductivity (*S*~H~) (*R*^2^ = 0.198, *P* = 0.20). When *A. glutinosa* was excluded as an outlier, however, a significant correlation was shown (*R*^2^ = 0.566, *P* = 0.02) (Figure [3](#tpy015F3){ref-type="fig"}c). Excluding *A. glutinosa*, the solid line showed the fitting: *S*~H~ = 0.822*S*~P~ + 64.792, while *F. excelsior* and *Liriodendron tulipifera* did not fall within the 95% confidence bands (Figure [3](#tpy015F3){ref-type="fig"}c).

Discussion {#tpy015s9}
==========

Vulnerability curves based on the pneumatic method were largely similar to those based on the hydraulic methods for most angiosperm species, with the exception of the two conifer species studied. Therefore, this finding validates the pneumatic method for temperate angiosperm species and is in agreement with a comparison of the pneumatic method and the hydraulic-bench dehydration method for mainly tropical and subtropical species ([@tpy015C41]). However, significant differences between Ψ~50P~ and Ψ~50H~ for two out of eight angiosperm species studied (i.e., *F. sylvatica* and *Q. robur*) suggest that the pneumatic method may provide a relative approach to quantify embolism resistance, while there may not be an absolute, standard way to determine Ψ~50~ values for a broad taxonomic range of species. Care should especially be taken for ring-porous species, which can show highly variable vulnerability curves depending on the method applied ([@tpy015C11], [@tpy015C32], [@tpy015C30], [@tpy015C49]).

Agreement between the pneumatic method and flow-centrifuge method was highest for the six diffuse-porous angiosperms. The highest coefficients of correlation (*R*^2^) were found for both Ψ~50~ and Ψ~88~ values. Hence, the pneumatic method appears to be reliable for constructing vulnerability curves of diffuse-porous angiosperms, which are known to show functional vessels over various growth rings ([@tpy015C55], [@tpy015C43]). This finding also suggests that most of the air discharged during dehydration corresponds to the amount of embolized conduits. While air can also be taken up through the bark and the leaves, the amount of external air was shown to be negligible within a time frame of 2 min ([@tpy015C41]). Air diffusion via bark and leaf tissue is most likely a slow process, because the resistance of air flow was found to be considerably higher across the periderm, cambium and mesophyll cells than through lumen conduits and interconduit pit membranes ([@tpy015C23], [@tpy015C48], [@tpy015C41]). Air flow through bordered pit membranes may increase during dehydration and can be explained by pit membrane shrinkage that is associated with increased porosity ([@tpy015C21], [@tpy015C39], [@tpy015C60]).

An interesting difference was found between the two ring-porous species studied, including 2-year-old branches of *F. excelsior*, and 3- to 5-year-old branches of *Q. robur*. Since it is known that wide, earlywood vessels in ring-porous species remain only functional over a single season and do not refill ([@tpy015C20], [@tpy015C19], [@tpy015C43]), the amount of gas that can be extracted from embolized earlywood vessels can be high. While working with current-year shoots might provide a solution to avoid this problem, the proportion of lignified xylem tissue to non-xylem tissue can be too small and may not provide sufficient mechanical support for applying the pneumatic method. In addition, the amount of leaves on current year shoots can be small, which would make repeated water potential measurements difficult. Gluing off previous growth rings, as done for *Q. robur*, could provide an alternative, easy solution, especially when dealing with multi-year branches.

Ψ~50~ values showed a significant difference between the pneumatic and flow-centrifuge method for the conifer species tested (Table [1](#tpy015TB1){ref-type="table"}, Figures [2](#tpy015F2){ref-type="fig"}c and d). Although the correlation between Ψ~50P~ and Ψ~50H~ (Figure [3](#tpy015F3){ref-type="fig"}a) and between Ψ~88P~ and Ψ~88H~ (Figure [3](#tpy015F3){ref-type="fig"}b) was significant in all species, it became weaker when the two conifer species were included. The finding of reduced embolism resistance for both conifers is largely in agreement with the two conifer species studied by [@tpy015C41]. In this study, the difference in Ψ~50~ values between the pneumatic and hydraulic method was 2.4 MPa for *C. sempervirens* and 2.6 MPa for *T. plicata*. Overall, these data suggest a reduced embolism resistance based on the pneumatic method for *P. sylvestris*, *P. pinaster* and *C. sempervirens*, but an increased embolism resistance for *T. plicata*.

Resin in gymnosperm xylem may not be the main reason for the large discrepancy between Ψ~50P~ and Ψ~50H~, because resin canals are absent in the xylem of *C. sempervirens* and *T. plicata* ([@tpy015C56], [@tpy015C12]). Moreover, carefully trimming the cut surface of *P. sylvestris* did not seem to provide a shift towards more negative Ψ~50~ values. A possible explanation could be aspiration of the torus-margo pit membrane in conifers ([@tpy015C3]). When a pit membrane is subject to a certain pressure difference between neighbouring tracheids, the torus could become aspirated and blocks off the pit aperture, preventing air flow from one tracheid to another ([@tpy015C18], [@tpy015C34]). The pressure difference required to cause pit membrane aspiration in conifers was found to range from 0.01 MPa to 0.3 MPa ([@tpy015C3], [@tpy015C4]), which means that aspiration is likely when measuring AD~min~ values of conifer branches. Thus, pit membrane aspiration might underestimate the amount of air discharged during a pneumatic measurement, and the maximum PAD would be reached at a less negative water potential, which underestimates xylem embolism resistance. For the same reason, the application of the flow-centrifuge may result in a shift towards less negative Ψ~50~ values if the flow difference across the two sample ends is too high, resulting in pit aspiration ([@tpy015C2], [@tpy015C4]). Nevertheless, this hypothesis does not explain the more negative Ψ~50~ value for *T. plicata* as reported by [@tpy015C41]. While further research is needed to test the pneumatic method on additional conifer species, the available evidence indicates that this method is not recommended for gymnosperms.

In conclusion, the pneumatic method may provide considerable advantages over other methods when studying xylem resistance to embolism of temperate angiosperm branches. Compared with hydraulic methods, extracting gas from terminal branch endings is fast and easy. Pneumatic vulnerability curves of several species can be constructed simultaneously within 2 to 3 days, depending on how fast branches dry at room temperature. This method may especially be useful for field measurements at remote locations, student projects, and when dealing with a large number of samples.
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[^1]: Hydraulic = hydraulic-bench dehydration. Standard deviation values in the hydraulic-bench dehydration technique were not available for *F. excelsior* and *Q. robur*. Data with \* showed a significant difference (*P* \< 0.05) between the techniques applied (for details see Table [2](#tpy015TB2){ref-type="table"}).
